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PATENT 

IN VITRO TRANSCRIPTION ASSAY FOR T BOX ANTITERMINATION SYSTEM 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application claims the benefit of the filing date of U.S. Provisional Application No. 
60/395,081, filed July 11, 2002, which is incorporated herein by reference in its entirety. 

STATEMENT ON GOVERNMENT FUNDED RESEARCH 

5 The present invention was made, at least in part, with support from the National Institutes 

of Health Grant GM47823. The United States Government has certain rights in the invention. 

BACKGROUND 

Aminoacyl-tRNA synthetases are enzymes found in all bacteria, plants and animals, and 
are required for cells to make protein. Bacterial aminoacyl-tRNA synthetases are usually present 

10 as a single species for each amino acid; approximately 20 different synthetases are required for 
aminoacylation. Lacking redundancy in the aminoacylation step of protein synthesis, bacteria 
are critically dependent on the transcription and translation of each of these enzymes. Inhibitors 
that block the production or function of one or more bacterial synthetases are therefore 
potentially useful as antimicrobial agents for prevention and treatment of disease in humans and 

15 other organisms. 

A potential target for shutting-down expression of bacterial aminoacyl synthetase genes 
is the T-box termination/antitermination transcriptional control complex. Many Gram positive, 
and certain Gram negative bacteria have genes that are regulated by a transcriptional control 
element known as the T-box termination/antitermination complex. This complex comprises a set 
20 of specific control elements that are found within the leader sequences located upstream of 
certain bacterial genes. The structural arrangement of these leaders is conserved across a broad 
spectrum of bacterial strains, and the control elements that are specific to the T-box 
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termination/antitermination complex are highly conserved. The T-box 

termination/antitermination complex regulates expression of aminoacyl-tRNA synthetase genes 
and other amino acid-related genes in response to the level of charging of cognate tRNAs. 
Uncharged tRNAs permit read-through of the template by favoring the antiterminator 
5 configuration, thus resulting in expression of the gene located downstream of the leader region.. 
Charged tRNAs block read-through of the template by favoring the terminator configuration, 
thus resulting in termination of expression. Since expression of these T-box regulated genes is 
required for survival of the bacterial cell, and this system is found in many pathogenic 
organisms, the T box system represents a target for antimicrobial agents. To date, it has not been 

10 possible to isolate this complex in a cell-free system in order to evaluate potential specific 
modulators or inhibitors of expression of T-box regulated genes. Thus, it would be useful to 
have a well-defined in vitro assay that would permit evaluation of agents that specifically interact 
with the T-box termination/antitermination complex. Such an assay system would permit the 
rapid and high throughput screening of potential inhibitors of expression of T-box regulated 

15 genes. 

SUMMARY 

An in vitro screening assay is provided for identifying inhibitors of transcription of T-box 
regulated genes. An in vitro transcription assay system is also provided and comprises a 
template DNA (comprising a bacterial promoter, a leader region of a T-box-regulated gene (such 
20 as the B. subtilis glyQS gene), and a downstream portion), a cognate tRNA which is specific for 
the specifier sequence of the template DNA (such as B. subtilis tRNA Gly ), and bacterial RNA 
polymerase. Combining a test agent with the assay system permits the detection of potential 
inhibitors which function to block antitermination in the T-box region, and thus cause 
termination of transcription and loss of expression of T-box regulated genes. 

25 The screening assay comprises the steps of:: (a) incubating template DNA and cognate 

tRNA, RNA polymerase, a divalent metal cation, such as magnesium (Mg 2+ ), nucleoside 
triphosphates (singularly referred to as "NTP," including adenosine triphosphate, or ATP, 
guanosine triphosphate, or GTP, cytosine triphosphate, or CTP, and uridine triphosphate, or 
UTP), and a dinucleotide which corresponds tothe dinucleotide encoded by the transcription start 

30 site in the leader, such as ApU, ApC, etc., both with and without a test agent which is a potential 
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inhibitor; (b) assaying for mRNA transcription in the system; and (c) comparing the results 
obtained in the absence verses the presence of the test agent. 

The screening assay is useful for rapid, high volume screening of substances that inhibit 
T-box regulated antitermination of transcription in bacteria which rely upon the T-box control 
5 mechanism, and more particularly in Gram-positive bacteria. This inhibition effectively 
terminates transcription of T-box regulated genes, such as glycyl-tRNA synthetase, restricting 
the availability of the gene product and thereby interrupting bacterial protein production and 
bacterial viability. In addition to inhibition of T-box regulated genes such as glycyl- and other 
aminoacyl-tRNA synthetases, such inhibitors may also inhibit expression of other T-box 
10 regulated genes. The identified inhibitors would be useful agents for applications where 
antimicrobials are desired, such as in the treatment of bacterial infections and related disease in 
humans and other affected organisms. Thus, the screening assay is useful for identifying 
potential antimicrobial agents, including antibiotics. 

BRIEF DESCRIPTION OF THE DRAWINGS 

15 FIG. 1 shows a secondary structure model of the B. subtilis glyQS leader RNA encoded by a 
template DNA. Sequence is shown from the transcription start site (+1) through the end of the 
leader region terminator; the alternate antiterminator is shown to the right of the terminator. The 
structure is based on the co-variation model of T box family leaders (2, 5). Major conserved 
features are labeled, and conserved primary sequence elements are denoted with asterisks. The 

20 specifier sequence residues are boxed. The glyQS sequence was obtained from the B. subtilis 
genome sequence (11); Sequencing of this region of DNA from strain BR151MA revealed a 
substitution of A for U at position +6. The residues in brackets (residues 1 13-122) are replaced 
by the Stem II and IIA/B elements in most T box family leaders, including B. subtilis tyrS. 

FIG. 2 shows a secondary structure model of the B. subtilis tyrS leader RNA. Sequence is 
25 shown from the transcription start site through the end of the leader region terminator; the 
alternate antiterminator is shown to the right of the terminator. Major conserved features are 
labeled, and conserved primary sequence elements are denoted with asterisks. The specifier 
sequence residues are boxed. The tyrS sequence was obtained from the B. subtilis genome 
sequence (1 1); the Stem II element is common to most T box family leaders, except glyQS genes. 
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FIG. 3 shows a structure-based alignment of glyQS leaders, including the T-box sequence, from 
several bacterial strains; the B. subtilis tyrS leader is shown at the top, for comparison. The 
sequences are aligned based on major domains, as follows: Panel A: 5 f side of Stem I; Panel B: 
3' side of Stem I; Panel C: Stem II (replaced by an unpaired stretch in most of the glyQS 
5 leaders); Panel D: Stem IIA/B (missing in most of the glyQS leaders); Panel E: Stem III; Panel 
F: antiterminator. The specifier in each sequence is indicated in bold (TAC for tyrS and GGC 
for glyQS). (Key: B. sub: Bacillus subtilis; B. ant: Bacillus anthracis; B. cer: Bacillus cereus; 
B. hal: Bacillus halodurans; C. ace: Clostridium acetobutylicum; C. hyd: Carboxydothermus 
hydrogenoformans; D. rad: Deinococcus radiodurans; E. fae: Enterococcus faecalis; L. lac: 
10 Lactococcus lactis; L. mon: Listeria monocytogenes; S. aur: Staphylococcus aureus; S. equ: 
Streptococcus equi; S. mut: Streptococcus mutans; S. pne: Streptococcus pneumoniae; and S. 
pyo: Streptococcus pyogenes). 

The dashes represent spaces inserted to permit alignment of all of the T box leaders (not 
just tyrS/glyQS); the leaders are variable in having helical domains of different lengths, and 

15 insertions/deletions/replacements at various positions, however, the overall pattern is highly 
conserved. The alignments start at the 5 1 side of the base of Stem I;the distance from the 
transcription start-site is variable, but is usually around 20-30 nt. In some cases, the T box 
structure is embedded within a larger transcriptional unit, so that the 5 f portion of the mRNA is 
constitutively transcribed and the gene encoded is constitutively expressed; in those cases, the T 

20 box element controls expression of the 3' transcriptional units. Accordingly, there are no specific 
requirements as to how much sequence is upstream of the structural array shown in the 
alignment. 

FIG. 4 is a list of bacterial strains in which T-box regulated genes have been identified. 

FIG. 5 shows a model of the T box antitermination mechanism actuated by a cognate uncharged 
25 tRNA. When the cognate tRNA is efficiently charged, read-through is blocked by formation of 
the terminator helix. When the cognate tRNA is not efficiently charged, read-through is 
permitted by formation of the antiterminator structure. 

FIG. 6 shows a model of interaction of a T-box leader in the antiterminator conformation with a 
cognate uncharged tRNA. 

30 FIG. 7 shows a model of the T box antitermination mechanism. The arrow indicates the 
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transcription initiation site. The black rectangle represents the coding region of the regulated 
gene. Uncharged tRNA is postulated to interact with the nascent transcript at both the specifier 
sequence (a codon specific for the target gene) and the antiterminator bulge, stabilizing the 
antiterminator and preventing formation of the competing terminator structure. RNA polymerase 
5 (RNAP) then continues past the terminator region, and the full-length transcript is synthesized. 
"Factor?" indicates putative factor(s) that could modulate the leader RNA-tRNA interaction in 
vivo. 

FIG. 8 shows the glyQS promoter region map. 

FIG. 9 shows results of in vitro transcription of the glyQS and tyrS leader regions. Lanes 1-5, 
10 glyQS DNA; lanes 6-11, tyrS DNA. Lanes 1, 3, and 6, no tRNA added; lanes 2, 4, and 7, 
tRNA Gly (T7 transcript); lanes 5, 8, and 11, tRNA Tyr (T7 transcript); lane 9, E. coli tRNA Tyr 
(modified, purchased from Sigma); lanes 3-9, NusA added; lanes 1, 2, 10, and 1 1, no NusA. T = 
terminated transcript; RT = read-through transcript. Percent read-through is indicated at the 
bottom of each lane. 

1 5 FIG. 10 shows specificity of the g/y£tf-tRNA Gly interaction. (A) Interaction of the glyQS leader 
in the antiterminator conformation with tRNA Gly . Substitutions at the specifier sequence and 
antiterminator regions of the leader, and at the anticodon and acceptor end of the tRNA, are 
shown with arrows. (B-E) show in vitro transcription reactions using different combinations of 
variants of glyQS templates and tRNA Gly . (B) Wild-type glyQS template DNA (GGC specifier 

20 sequence, A158 antiterminator). (Q glyQS-UGC template DNA (cysteine specifier sequence, 
A158 antiterminator). (D) glyQS-Al583U template DNA (GGC specifier, U158 antiterminator). 
(E) glyQS-UGC/ A\5S3\J template DNA (cysteine specifier sequence, U158 antiterminator). 
Lane 1, no tRNA; lane 2, wild-type tRNA Gly (GCC anticodon, U73 discriminator); lane 3, 
tRNA Gly -GCA (GCA anticodon, U73 discriminator); lane 4, tRNA Gly -U733A (GCC anticodon, 

25 A73 discriminator); lane 5, tRN A Gly -GC A/U73 3 A(GC A anticodon, A73 discriminator). T, 
terminated transcript; RT, read-through transcript. Percent read-through is indicated at the 
bottom of each lane. 

FIG. 11 shows the polynucleotide sequence for the glyQS gene from Bacillus subtilis 
corresponding to the in vitro transcription template: from B. subtilis 168 (obtained from 
30 SubtiList Web site). 
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FIG. 12 shows the polynucleotide sequence for the glyQS DNA template from Bacillus subtilis 
strain BR151MA, a 440 nucleotide fragment that corresponds to the gene sequence from 135 
nucleotides upstream of the glyQS transcription start site to nucleotide position 305 of the 
transcript; the termination site is predicted to be around position 220. 

5 FIG. 13 shows the tRNA Gly DNA sequence: (from SubtiList, confirmed by sequencing of this 
region in BR151MA). 

FIG. 14 shows the PCR primers used for preparing glyQS and tyrS templates for in vitro 
transcription: 

FIG. 15 shows the polynucleotide sequence for the tyrS template sequence (for strain 168 per 
1 0 SubtiList website and confirmed for strain BR1 5 1 MA). 

FIG. 16 shows the polynucleotide sequences for the oligonucleotide primers used to generate the 
tRNA G,y andtRNA Tyr . 

FIG. 17 shows the tRNA Tyr DNA sequence (from SubtiList, confirmed by sequencing of this 
region in BR151MA. 

1 5 DETAILED DESCRIPTION 

The present invention relates to a new assay procedure and system for identifying 
substances which inhibit the transcription of aminoacyl-tRNA synthetases, particularly in Gram- 
positive bacteria. The assay can be used to screen for inhibitors that specifically inhibit the T- 
box antitermination mechanism. Such substances would be useful as antimicrobials, such as, for 
20 example, antibiotics. 

Definitions 

"Antitermination," as used herein, refers to the mechanism by which a T-box 
termination/antitermination complex is affected to permit read-through of the terminator 
sequence on the nascent mRNA, and thus permit full transcription of the encoded mRNA. 

25 "Antiterminator," as used herein, refers to the sequence in the nascent mRNA (and its 
complimentary DNA) that functions in the T-box termination/antitermination complex to permit 
read-through of the terminator sequence on the nascent mRNA, and thus permit full transcription 
of the encoded mRNA. 
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"Divalent metal cation," as used herein, refers to the species of metal cations that are useful 
components of in vitro transcription assay systems, and include magnesium (Mg 2+ ). 

"Effector," as used herein, refers to a transcription component, such as a tRNA, which affects or 
actuates the T-box terminator/antiterminator complex. 

5 "glyQS" as used herein, refers to either a DNA molecule which comprises all or a portion of a 
bacterial glyQS gene, including the promoter and leader regions, and optionally all or a portion 
of the polynucleotide coding sequence encoding a wild-type or variant bacterial glycyl-tRNA 
synthetase, or an mRNA product encoded by the same. 

"Gram positive bacteria," as used herein, means the phylogenetic group of bacteria commonly 
10 known as and referred to as the Gram-positive branch. 

"Leader," as used herein, refers to a wild-type or variant form of the upstream portion of a 
bacterial gene, particularly a bacterial gene which is regulated by a T-box 
termination/antitermination complex, and which comprises the elements of a T-box 
termination/antitermination complex, including a specifier sequence, a T-box, and conserved 
15 terminator and antiterminator consensus motifs. Variants comprise modifications to one or both 
of the specifier and T-box sequences, wherein modifications to either are made to alter the 
specificity for a cognate tRNA such that the modified specifier and T-box sequences recognize a 
different tRNA than is recognized by the wild-type specifier and T-box sequences. 

"Halted-complex transcription assay system," as used herein, refers to an in vitro transcription 
20 assay system in which one of the four nucleoside triphosphates required for complete RNA 
synthesis is excluded from the initial incubation conditions, resulting in the temporary stalling of 
the RNA polymerase transcriptional complex at a particular location on the template DNA; in the 
case of transcription of glyQS, omission of CTP (cytosine triphsophate) results in an arrest in 
transcription prior to incorporation of the residue at position +17 (the first cytosine residue in the 
25 gfyQS nascent RNA encoded by the template DNA). The halted-complex system is useful to 
permit transcription initiation and transcription elongation to be carried out under different 
conditions or with different reaction components. Transcription is initiated under a first set of 
conditions in the absence of one of the four NTPs; subsequently, transcription elongation is 
carried out under a second set of conditions upon the addition of excluded NTP. 
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"Inhibitor," as used herein, refers to a substance which in any way interferes with antitermination 
so as to effectively block the transcription of a bacterial gene that is regulated by the T-box 
mechanism, such as a bacterial aminoacyl-tRNA synthetase gene. Substances which are 
identified using the disclosed screening methods may be used as inhibitors of transcription of 
5 such genes to block production of the gene product in bacterial cells. Such inhibitors may thus 
be useful as antimicrobials. The inhibitors may be added to foodstuffs, or other products such as 
cosmetics. The inhibitors may be useful for the treatment of plants to prevent the proliferation of 
infective organisms. The inhibitors may also be useful as treatment or prophylactics in animals, 
particularly humans. 

10 "mRNA read-through product," as used herein, refers to the mRNA product which includes the 
leader sequence and a portion of mRNA that is downstream from the leader sequence, which is 
encoded by a template DNA. 

"Promoter," as used herein, refers to a DNA sequence that allows efficient recognition and 
transcription initiation by bacterial RNA polymerase (RNAP); examples include the B. subtilis 
1 5 gfyQS promoter, and the B. subtilis rpsD promoter, which allow high level transcription (are 
efficiently recognized by a bacterial RNA polymerase complex). 

"Read-through," as used herein, refers to the process by which the RNA polymerase 
transcriptional complex proceeds through the leader sequence to produce an mRNA transcript of 
the aminoacyl-tRNA synthetase. In the context of the T-box control mechanism, read-through is 
20 a result of successful antitermination; read-through does not occur if antitermination is inhibited 
or otherwise unsuccessful. 

"Specifier," as used herein, refers to the specific tri-nucleotide sequence in a polynucleotide 
sequence comprising the upstream untranslated region of a gene encoding a bacterial aminoacyl- 
tRNA synthetase; the specifier sequence is specific for and interacts with the cognate tRNA 
25 anticodon. 

"Template DNA," as used herein, refers to the polynucleotide used according to the inventions 
hereof which encodes all or a fragment of a T-box-regulated gene, such as the Bacillus subtilis 
glycyl-tRNA synthetase gene, and comprises, in order from the 5' to the 3' end: (i) a bacterial 
promoter; (ii) a leader comprising all or part of a leader, as defined herein, including a 
30 transcription initiation site; and (iii) a downstream polynucleotide of sufficient length for 
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detection of a read-through mRNA product, located downstream of the leader region terminator. 
The downstream portion may vary from 30 to over 100 nucleotide residues, and may be 
approximately 30 or more nucleotide residues. 

"Terminator," as used herein, refers to the sequence in the nascent mRNA (and its 
5 complimentary DNA) that functions in the T-box termination/antitermination complex to halt 
transcription of the encoded mRNA. 

"RNA polymerase" (RNAP), as used herein, refers to an enzyme complex isolated from a 
bacterial species (either B. subtilis or E. coli have been tested in this system) that is capable of 
recognizing the promoter region on the test DNA template and exhibits efficient termination at 
10 the T box leader terminator during transcription in the absence of tRNA, and efficient tRNA- 
directed read-through of the leader region terminator when the appropriate tRNA is present in the 
incubation mixture. 

"tRNA" as used herein refers to purified RNA generated by in vitro transcription using T7 
RNAP, using a template DNA designed so that the transcription product is identical in sequence 
15 totRNA G,y . 

The T-Box family of genes and T-box transcription control 

The T box transcription termination control system is widely used in Gram-positive 
bacteria to regulate expression of aminoacyl-tRNA synthetase, amino acid biosynthesis, and 
transporter genes (1). Genes in the T box family contain a set of conserved elements in the 

20 leader region of the mRNA. The transcripts of genes regulated by this mechanism contain a 200- 
to 300-nucleotide un-translated leader that includes a factor-independent (intrinsic) transcription 
termination signal and a competing antiterminator structure (2). FIGS. 1 and 2, respectively, 
show secondary structure models of the glyQS and tyrS leaders from Bacillus subtilis. FIG. 3 
shows the aligned sequences for the glyS leader from sixteen different bacterial strains, as well as 

25 the tyrS leader from one bacterial strain. FIG. 4 shows a list of organisms in which T-box family 
genes have been identified. These include primarily Gram-positive bacteria, as well as some 
other non-Gram-positive bacterial strains. Not all of these organisms have glyQS under this 
regulatory system, but all of the organisms listed have at least one gene with a T box leader. Of 
this group, the most important pathogens are Bacillus anthracis, Mycobacterium sp., 
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Streptococcus sp., Staphylococcus sp., Clostridium sp., Listeria monocytogenes, and 
Enterococcus sp. 

Expression of each gene regulated by the T box termination/antiterminaton complex is 
dependent on transcription past the leader region termination site; this occurs by stabilization of 
the antiterminator element by interaction of the leader region of the nascent mRNA of the target 
gene with a specific class of transfer RNA in the cell. Read-through of the leader region 
terminator on the nascent mRNA occurs when the charged to uncharged ratio of the 
corresponding tRNA iso-acceptor is decreased, signaling a deficiency in that aminoacyl-tRNA 
synthetase or amino acid. (FIG. 5) Sequence comparisons and mutational studies identified a 
single codon, displayed at a precise position within the leader RNA structure, the "specifier," 
which determines the specificity of the amino acid response, presumably by pairing with the 
anticodon of the cognate tRNA (2). As depicted in FIG. 6, the acceptor end of uncharged tRNA 
apparently makes a second interaction with a bulged region in the antiterminator, based on 
genetic analyses as well as gel-shift assays using a model 39-nucleotide antiterminator RNA (3, 
4); this interaction is proposed to stabilize the antiterminator, preventing the formation of a 
competing terminator helix (FIG. 7). Mutational studies of the Bacillus subtilis tyrS leader and 
tRNA Tyr have indicated that read-through requires additional conserved features of both RNAs 
(5-7). 

Recognition of the tRNA by the leader RNA may mimic recognition by an aminoacyl- 
tRNA synthetase, which often exploits the anticodon and discriminator positions as specificity 
determinants (24). As is also true for tRNA charging, the leader RNA-tRNA interaction in vivo 
may involve additional determinants (6, 21). Other systems in which uncharged tRNA is 
monitored, such as the yeast GCN2 system (25), require a protein component; tRNA mimics 
such as the E. coli thrS regulatory target site are also recognized by a protein (26). In 
translationally coupled transcription attenuation systems such as the E. coli trp operon, tRNA 
charging is monitored by a translating ribosome (27). 

It has previously been established that uncharged tRNA is essential for antitermination; 
however, it was not known whether other factors are also required to mediate the tRNA-leader 
interaction. The ability of tRNA Tyr mutants to suppress tyrS leader mutations provided strong 
evidence for the role of uncharged tRNA as the effector for transcription antitermination in the T 
box system (2, 3). However, it was unknown whether the tRNA acted alone or in conjunction 
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with trans-acting factors required to mediate the leader RNA-tRNA interaction. As disclosed 
herein, factor- and ribosome-independent antitermination of the Bacillus subtilis glyQS leader is 
dependent on and specific for tRNA Gly and is achieved in a purified in vitro transcription system. 

Template DNA fragments 

5 Template DNA fragments refers to the polynucleotide used according to the inventions 

hereof which encodes all or a fragment of a T-box-regulated gene and includes a promoter and 
the T-box leader, and approximately 30 or more nucleotide residues downstream of the leader 
region terminator. FIG. 8 shows a map of the Bacillus subtilis glyQ promoter and leader regions, 
which indicates the relative positions of the promoter sequence (including the -35 and -10 
10 regions for recognition by RNAP), the transcription initiation site (position +1), the first several 
residues of the leader (including the location of the first cytosine residue at +17, which 
corresponds to the halt location in an assay mixture from which the NTP cytosine triphosphate 
has been excluded). FIG.l shows the full leader portion of the Bacillus subtilis glyQS, including 
the specific locations of the specifier and terminator sequences. 

15 A template DNA may include wild-type sequences for the promoter, transcription 

initiator and leader sequences. Alternatively, one or more of these portions of a template DNA 
fragment may be a variant of a wild type, or may be a synthetic construct. Specifically, variants 
of the transcription initiator sequence may be made. For example, according to the present 
disclosure, variants of the Bacillus subtilis glyQS template have been made in which the +2 

20 position (1 nt downstream of the transcription initiation site) is changed from T to C, to allow 
initiation with the dinucleotide ApC instead of ApU. This is a demonstration that variants of 
transcription initiator sequence may be used in the assays disclosed herein. Likewise, either or 
both the specifier and the terminator portions of a wild-type template may be varied to allow the 
recognition of non-wild type tRNAs. Typically, mutations are introduced into both the specifier 

25 and terminator/T-box elements of a leader to alter the specificity of those sequences for tRNA 
such that the variant forms of the elements recognize a tRNA which is different from that 
recognized by the wild type specifier and T-box elements. Similarly, the anticodon and 
discriminator portions of wild type tRNAs may be varied to permit the use of non-wild type 
tRNAs that will compliment with a wild-type or variant template DNA. Typically, mutations are 

30 introduced into both the anticodon and discriminator portions of a tRNA to alter the specificity 
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of those sequences for a leader such that the variant forms of the elements recognize a leader 
which is different from that recognized by the wild type tRNA anticodon and discriminator. 
Mutations in leaders and tRNAs may be coordinated such that a wild type leader and its wild 
type tRNA are both mutated to maintain cognate recognition between the two. Examples are 
5 provided herein in the Examples section. Methods for preparing such variants are described 
herein and are additionally well known in the art. 

The portion of the template DNA which is downstream from the terminator of the leader 
portion is preferably from about 30 to 150 nucleotide residues in length, to allow easy 
discrimination between the terminated and read-through products in a low resolution 
10 polyacrylamide gel electrophoresis system. Read-through products may be measured by 
alternate methods, e.g., by PCR amplification using an oligonucleotide primer that hybridizes 
only to the read-through product. 
Screening for inhibitors of antitermination 

Substances which may be inhibitors of bacterial aminoacyl-tRNA synthetase 
15 transcription are screened using the disclosed in vitro bacterial transcription assay system. The 
screening process involves the following steps: 

a) incubating in parallel two mixtures, each containing a divalent metal cation, NTPs, a 
dinucleotide (as dictated by the specific transcription initiator sequence in the template DNA), a 
template DNA fragment containing a promoter, and the leader region of a bacterial gene which is 
20 regulated by the T-box mechanism, such as the B. subtilis glyQS gene, which encodes glycyl- 
tRNA synthetase, a bacterial RNA polymerase complex, and a tRNA, such as tRNA Gly which is 
capable of appropriate interaction with the leader sequence, wherein one of the NTPs is excluded 
from the mixture to permit halting of the complex approximately 10-20 nucleotide residues into 
the nascent mRNA, and 

25 b) adding to both mixtures the excluded NTP, and adding to only one of the two mixtures 

a test agent which is a potential inhibitor substance; and 

c) comparing the amount of mRNA read-through product produced in the mixture lacking 
the potential inhibitor with the amount of mRNA read-through product produced in the mixture 
containing the potential inhibitor. An inhibitor of the antiterminator (i.e., an inhibitor of read- 
30 through) will cause a reduction in the amount of mRNA read-through product as compared to the 
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mixture lacking the test agent. 

Optionally, the incubation steps (a) and (b) may comprise all four NTPs, in which case, 
each of the incubations will proceed with transcription elongation immediately following 
transcription initiation. If the selected NTP is excluded from the initial incubation mixtures, the 
5 reactions in each case will be halted at the first encountered residue in the nascent mRNA which 
codes for the excluded NTP. Preferably, the residue is at residue position 10-50 of the nascent 
mRNA, and more preferably at residue position 10-20. By excluding a selected NTP which 
would result in halting within the preferred residue position range, the reactions may be halted 
for a brief time, by chilling, for example. Thereafter, the conditions may be altered by addition 
10 of other factors or agents, and upon return to appropriate incubation conditions and/or addition of 
the excluded NTP, elongation of transcription will proceed. 

Multiple mixtures may be run in parallel, where one or more of the mixtures serve as 
appropriate controls, and one or more of the mixtures are used to test a variety of test agents or a 
range of test agent conditions. Likewise, the incubation mixture may be initially prepared as a 
15 large single mixture (bulk mixture) which is thereafter aliquoted into two or more separate 
mixtures for evaluation of control or test conditions or agents. Preferably, the bulk mixture is a 
halted complex transcription assay system. 

Examples 

EXAMPLE 1: In Vitro Transcription of zlvOS mRNA 

20 Bacterial Strains and Growth Conditions. B. subtilis strain BR151MA (lys-3 trpC2) was used as 
the source of chromosomal DNA for amplification by PCR. Strains 1 A5 (glyB133 metC3 tre-12 
trpC2\ Bacillus Genetic Stock Center) and KS115 (cysA14 hisAl leuA8 metC3 trpC2\ K. 
Sandman, Ohio State Univ., Columbus) were used for amino acid limitation experiments for 
glycine and cysteine, respectively. Cells were propagated in 2X YT medium (9) or in Spizizen 

25 minimal medium (10) for measurements oilacZ fusion expression. Cells containing lacZ fusions 
were grown in the presence of chloramphenicol at 5 |ag/ml. 

In Vitro Transcription Assays. The template for glyQS transcription was a 440-bp PCR fragment 
that included sequences from 135 bp upstream of the glyQS transcription start site to position 
305 of the transcript; the termination site is predicted to be around position 220 (ref. 1 1 ; FIG. 1 ; 
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FIG. 12). The template for tyrS transcription was a 420-bp PCR fragment including sequences 
from 85 bp upstream of the transcription start site to position 335 of the transcript; the 
termination site is predicted to be around position 270 (ref. 12; FIG. 15). PCR products were 
purified by a Qiagen PCR cleanup kit. Template DNA (10 nM) was incubated in IX 
5 transcription buffer (13) with His-tagged B. subtilis RNA polymerase (RNAP) (6 nM) purified as 
described by Qi and Hulett (14). Halted complex transcription assays were carried out essentially 
as described by Landick et al (15). 

The dinucleotide ApU (150 |iM, Sigma) was used to initiate glyQS transcription. ATP 
and GTP were added to 2.5 \iM, UTP was added to 0.75 \xM, and [alpha-P 32 ]UTP (800 Ci/mmol; 

10 1 Ci = 37 GBq) was added to 0.25 jiM. Transcription of glyQS was initiated in the absence of 
CTP; for the glyQS gene, the first C is at position +17 so that the transcription elongation 
complex halts after synthesis of 16 nt under these conditions. The dinucleotide ApG was used 
for initiation of tyrS transcription, and GTP was omitted from the initiation reaction, resulting in 
a halt at position +11. The initiation reaction mixtures were incubated at 37°C for 15 min and 

15 were then placed on ice. Heparin (20 jig/ml, Sigma) was added to block re-initiation, and 
elongation was triggered by the addition of NTPs to 10 |nM final and other reagents as indicated. 
B. subtilis NusA protein (25 nM), purified as described previously (13), was included in the 
elongation reaction as indicated. Escherichia coli RNAP, prepared as described (16), was used 
at 10 nM. Transcription reactions were terminated by extraction with phenol, and the products 

20 were resolved by denaturing 6% polyacrylamide gel electrophoresis and visualized by Phosphor- 
Imager analysis. 

Unmodified B. subtilis tRNA Gly and tRNA Tyr were made by T7 transcription using a PCR 
fragment generated with a 5' oligonucleotide primer that included a T7 promoter sequence, 
positioned so that the first base of the transcript is the first position of the tRNA, and the final 

25 position of the PCR product corresponds to 3' position of the tRNA (FIGS. 13, 16, 17). T7 
transcription was carried out by using an Ampliscribe T7 transcription kit (Epicentre 
Technologies, Madison, WI). The tRNA transcripts were purified on a 6% denaturing 
polyacrylamide gel, visualized by using UV shadowing, and eluted into 300 mM NaOAc, pH 
4.5/1 mM EDTA. The tRNA was purified by extraction with phenol, precipitated with ethanol, 

30 and suspended in water. The resulting tRNA was refolded by incubation at 80°C for 2 min and 
slow cooling to room temperature before use in the transcription assays at 70 nM. Modified E. 
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coli tRNA Tyr was purchased from Sigma. 

. Mutations in the glyQS template DNA and tRNA Gly (as shown in FIG. 10A) were 
introduced by PCR, using oligonucleotide primers containing the desired alterations. 

5 EXAMPLE 2: Ex vivo expression of aminoacyl-g/vOS-synthetase mRNA 

p-Galactosidase Measurements. The glyQS DNA fragment used for in vitro transcription, as 
described in EXAMPLE 1, was inserted into the lacZ fusion vector pFG328 (17) and integrated 
in single copy into the B. subtilis chromosome by recombination into a bacteriophage SPbeta 
prophage. Cells were grown in minimal medium containing all required amino acids at 50 |ig/ml 

10 until mid-exponential growth phase and were then collected and divided into two cultures, 
containing all required amino acids or with one amino acid at 5 jig/ml. Growth was continued for 
4 h, and cells were harvested and assayed for p-galactosidase activity, expressed as Miller units 
(9). Glycine starvation experiments were carried out in strain 1 A5 (Gly-), and cysteine starvation 
experiments were carried out in strain KS1 15 (Cys-). All samples were assayed in duplicate, and 

15 growth experiments were carried out at least twice; variation was <10%. 

EXAMPLE 3: In Vitro tRNA-Directed Antitermination of g/vQS-aminoacyl-tRNA synthetase 
mRNA Transcription 

In the presence of 30 mM MgCl 2 and low NTP concentrations (10 \M) during the 
elongation reaction, the glyQS leader region terminator was highly efficient (FIG. 9). Addition of 

20 a T7 RNAP-generated transcript of B. subtilis tRNA Gly dramatically increased read-through from 
5% (lane 1 or 3) to approximately 60% (lane 2 or 4), with a corresponding decrease in the 
amount of the terminated transcript. No tRNA-dependent read-through was observed at lower 
MgCb concentrations or at higher NTP concentrations (data not shown). Mg 2+ plays a crucial 
role in RNA folding reactions (19) and may facilitate folding of the nascent transcript into the 

25 correct conformation for interaction with the tRNA and antitermination. The rate of transcription 
elongation is decreased at low NTP concentrations (20), which may favor formation of the 
correct RNA structure or facilitate pausing by RNAP. 

Antitermination of the glyQS leader responded specifically to tRNA G,y ; addition of 
tRNA Tyr had no effect (FIG. 9, lane 5). Neither tRNA G!y nor tRNA Tyr addition increased read- 
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through of the B. subtilis tyrS leader region terminator (FIG. 9, lanes 6-11). Therefore, either the 
tyrS and glyQS leaders have different requirements for the tRNA-leader interaction or the tyrS 
leader fails to fold properly under the in vitro conditions used. The Stem II and Stem IIA/B 
pseudo-knot elements present in tyrS but absent in glyQS may be responsible for this difference. 
5 Single nucleotide substitutions that disrupt conserved elements of the Stem IIA/B region in the 
tyrS leader result in loss of read-through in vivo, indicating that this region is functionally 
required in the tyrS context (5). A variant of the tyrS leader in which the specifier sequence and 
antiterminator were changed to match the anticodon and acceptor end of tRNA Gly has been 
constructed, and expression was shown to be induced in vivo in response to limitation for glycine 
10 (21). This leader variant failed to respond to tRNA Gly in vitro (data not shown), indicating that 
the codon-anticodon interaction (GGOGCC for glyQS vs. UAOGUA for tyrS) is not sufficient 
to explain the lack of tRNA Tyr -directed antitermination of the tyrS leader in vitro. 

EXAMPLE 4: zlyQS Antitermination in Vitro Is Independent of NusA and Functions with E. 
coli RNAP. 

15 The NusA protein affects transcription elongation rates and sensitivity of RNAP to pause 

and termination sites, and participates in a number of transcription termination control systems, 
including phage lambda N and Q antitermination (22). Addition of B. subtilis NusA to the glyQS 
antitermination reaction resulted in a small increase in termination in the absence of tRNA, 
especially at high NTP concentrations (ref. 13; data not shown). However, the tRNA Gly - 

20 dependent increase in read-through occurred both in the presence and absence of NusA (compare 
FIG. 9, lanes 1 and 2 with lanes 3 and 4), indicating that NusA is not required for glyQS 
antitermination under these conditions. 

The ability of E. coli RNAP to replace B. subtilis RNAP in the tRNA-dependent 
transcription antitermination assay was tested to determine whether this activity was sensitive to 

25 the source of RNAP. RNAP from E. coli and B. subtilis has been shown to exhibit different 
patterns of recognition of pausing and termination signals (ref. 23; unpublished results). E. coli 
RNAP exhibited tRNA GIy -dependent read-through similar to that observed with B. subtilis RNAP 
(data not shown), indicating that the antitermination event is dependent on features of the 
transcript, but not on the enzyme that generates the transcript. Introduction of T box leaders, 

30 including glyQS, into E. coli, from which this antitermination system is absent, generally resulted 
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in a high level of read-through of the leader region terminator independent of amino acid 
limitation (data not shown), suggesting that the leader region terminators function poorly in the 
heterologous host and that the proper leader-tRNA interaction does not occur. 

EXAMPLE 5: Characterization of Specificity Determinants for Anti termination in Vitro and in 
5 Vivo. 

The specificity of the tRNA effect was further tested by using glyQS leader variants and 
corresponding tRNA Gly variants (FIG. 10.4). The GGC glycine specifier sequence was changed 
to a UGC cysteine codon, and position A158 of the glyQS antiterminator bulge was changed to a 
U; this position is a secondary determinant of the specificity of the tRNA-leader interaction (3). 

10 The mutations were tested separately and in combination, both in vitro and in vivo. The wild- 
type glyQS template exhibited efficient antitermination in vitro only in combination with the 
corresponding wild-type tRNA Gly (FIG. 105, lane 2). The UGC specifier mutation in the glyQS 
leader resulted in decreased antitermination by wild-type tRNA Gly ; this effect was suppressed by 
a variant of tRNA Gly with an anticodon complementary to UGC (FIG. 10C, lane 3). The A1583U 

15 substitution in the antiterminator also decreased antitermination directed by wild-type tRNA Gly 
and was suppressed by a corresponding change in the tRNA discriminator base (FIG. 10A lane 
4). The specificity pattern also held for the UGC/A1583U double mutant, with the most efficient 
antitermination occurring in response to the matching tRNA (FIG. 10£, lane 5). The native 
GGC-GCC codon-anticodon pairing consistently resulted in more efficient antitermination than 

20 the UGOGCA cysteinyl combination; this could be due to the extra G*C pair or to other features 
of the glyQS leader that are adapted to the native glycyl combination. 

In agreement with the in vitro results, a wild-type glyQS-lacZ transcriptional fusion 
exhibited induction in vivo in response to limitation for glycine, but it failed to respond to 
limitation for cysteine (Table 1). Replacement of the GGC glycine specifier sequence with a 

25 UGC cysteine codon resulted in loss of the response to glycine and induction in response to 
limitation for cysteine; both tRNA G,y and tRNA Cys contain a U at the discriminator position. The 
A1583U mutation, either alone or in combination with the UGC cysteine specifier sequence 
mutation, abolished the response to either glycine or cysteine, consistent with the loss of a match 
with the U discriminator position. The maximum expression observed under glycine limitation 

30 conditions was approximately one-third of that observed in a construct from which the 
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terminator was deleted, indicating that full induction was not observed under these conditions. 

Table 1. Expression of glyQS-lacZ fusions in vivo. Expression was measured by activity of p- 
galactosidase, in Miller units (9). ND, not determined; ATerm, terminator deleted. 



Glycine Starvation Cysteine Starvation 



Fusion 


+Glycine 


-Glycine 


Ratio 


+Cysteine 


-Cysteine 


Ratio 


GGC-A158 


42 


130 


3.1 


34 


29 


0.85 


UGC-A158 


58 


42 


0.72 


31 


90 


2.9 


GGC-U158 


24 


11 


0.45 


ND 


ND 


ND 


UGC-U158 


20 


6.0 


0.30 


14 


9.1 


0.65 


ATerm 


350 


360 


1.0 


ND 


ND 


ND 
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